During evolution, proteins containing newly emerged domains and the increasing proportion of multidomain proteins in the full genome-encoded proteome (GEP) have substantially contributed to increasing biological complexity. However, it is not known how these two potential structural factors are preferentially utilized at given physiological states. Here, we classified proteins according to domain number and domain age and explored the general trends across species for the utilization of proteins from GEP to various certain-state proteomes (CSPs, i.e., all the proteins expressed at certain physiological states). We found that multidomain proteins or only older domain-containing proteins are significantly overrepresented in CSPs compared with GEP, which is a trend that is stronger in multicellular organisms than in unicellular organisms. Interestingly, the strengths of overrepresentation decreased during evolution of multicellular eukaryotes. When comparing across CSPs, we found that multidomain proteins are more overrepresented in complex tissues than in simpler ones, whereas no difference among proteins with domains of different ages is evident between complex and simple tissues. Thus, biological complexity under certain conditions is more significantly realized by diverse domain organization than by the emergence of new types of domain. In addition, we found that multidomain or only older domain-containing proteins tend to evolve slowly and generally are under stronger purifying selection, which may partly result from their general overrepresentation trends in CSPs.
Introduction
One of the fundamental questions in biology is how species evolve increased biological complexity. In general, biological complexity can be assessed at the level of organism, organ, tissue, cell, or protein interaction networks (Oakley and Rivera 2008) . At the organism level, it is clear that biological complexity correlates well with genomic complexity, measured not only by the number of protein-coding genes (PCGs) but also by the complexity of gene functions Vogel and Chothia 2006) , the connectivity of gene regulation networks (Szathmary et al. 2001) , and the proportion of spliceosomal introns leading to alterative splicing (Nilsen and Graveley 2010) . In this view, the genome could be regarded as a ''library'' of potential biological information, among which are the factors contributing to biological complexity. Previous studies paid much more attention to the increase of these factors in GEP during evolution (Adami et al. 2000; Szathmary et al. 2001; Koonin et al. 2002; Koonin 2009; Lynch and Conery 2003; Doebeli and Ispolatov 2010; Nilsen and Graveley 2010; Prochnik et al. 2010; Rivera et al. 2010 ), but it is not known how these factors are preferentially utilized to realize biological complexity under different conditions. It is known that different CSPs utilize different proteins from GEP, but this process is not random and there may be some general trends.
Among all the factors contributing to biological complexity, protein domain characters, that is, the potential structural factors, are of significant importance because of their direct relationship with the functional complexity of proteins and network . To extract potential rules that may govern the utilization of proteins with different domain characters from GEP to CSP, we investigated the correlation of overrepresentation strength of proteins in CSPs as compared with GEP as a function of protein domain property-the number and age of the protein domain in proteins. In addition, we explored the mechanisms underlying the general trends and their evolutionary effects.
Materials and Methods

Data Sets
(1) GEP (the full genome-encoded proteome). The PCGs in Entrez Gene database (Maglott et al. 2007 ) for six species (Homo sapiens, Mus musculus, Drosophila melanogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, and Escherichia coli) at the NCBI ftp site (ftp://ftp.ncbi.nlm.nih.gov/ gene/DATA/GENE_INFO/) were used as genome background. These six species represent higher multicellular eukaryota, lower multicellular eukaryota, unicellular eukaryota, and prokaryote, respectively. The corresponding protein sequences for the PCGs were obtained, and the redundant predicted splice variants of one PCG were removed: for each PCG, only the longest transcript remained (Vogel et al. 2005) . (2) Certain-state proteome (CSP). CSPs were constructed based on published gene expression data sets of various conditions downloaded from the GEO database (Barrett et al. 2009 ) (for detailed information and corresponding references, see table 1). To prove that the core conclusion of this study is valid in any conditions, the gene expression data sets selected were as complete as possible, representing the states of all the stages and spaces. For microarray data, the presence or absence of one gene in a certain OTC (organ, tissue, or cell type) or condition is calculated using presence/absence calls by MAS 5.0 algorithm (MAS5) (Hubbell et al. 2002) . For massively parallel signature sequencing (MPSS) data, if the transcripts per million (TPM) value of one gene is larger than 3 (Peters et al. 2007) , the gene's transcript is considered to be present in the OTC or condition.
Identification of Protein Domains and ProteinProtein Interaction Domains
The identification of protein domains was performed as described previously (Basu et al. 2008) . Briefly, to identify the known domains presented in all the sequences of each GEP, we used RPS-BLAST to search against the Pfam (Finn et al. 2008) and SMART (Letunic et al. 2006) databases. When running the program, we select the option of ''masking low-complexity regions.'' Among the search results, only hits with the E value smaller than 0.001 were kept and only one of the overlapping hits with the smallest E value was retained. When the hits from Pfam and SMART databases were overlapped, the Pfam hits were retained, and the SMART hits were discarded regardless of the E value.
We got the list of known protein-protein interaction (PPI) domains from the interdom database (Ng et al. 2003) and calculate/tgcqd the PPI domain numbers in proteins of each GEP. The interdom database was downloaded from the Web site: http://interdom.i2r.a-star.edu.sg/interdom. The potential false-positive interaction pairs were removed according to the annotation in the database. The number of interactions for each Pfam domain was counted. The CDD database (Marchler-Bauer et al. 2009 ) domain neighbor list was used to extract synonymous Pfam domain IDs of SMART domains in our data set.
Domain Number in Proteins
The number of domains in one protein was calculated with two methods, one including and the other one excluding the domain repeats in one protein. Based on these two methods, we can obtain two kinds of domain number. One is called DNIR (Domain Number Including Repeats in one protein) and the other one is called DNER (Domain Number Excluding Repeats in one protein) in this paper.
According to the domain identification result, the number of Pfam or SMART annotated domains in one protein was calculated automatically. The two methods mentioned above were used to calculate protein domain numbers. For the domain number grading, DNIRs or DNERs of proteins were divided into three grades (1, 2, .2), corresponding to single-domain, two-domain, and multidomain proteins, respectively.
Domain Age
Domain age is defined by the oldest type of species in which the domain first appeared. To define the species in which one domain first appeared, a procedure previously used for gene age class definition (Wolf et al. 2009 ) was Trends in the Biological Complexity Realization · doi:10.1093/molbev/mss064 MBE cellular organisms (I), Eukaryota (II), Fungi/Metazoa group (III), and Fungi (IV). Domains of E. coli are divided into three age grades: cellular organisms (I), Bacteria (II), and Enterobacteriaceae (III). For H. sapiens, M. musculus, D. melanogaster, and C. elegans, Grades I and II are older and Grades IV and V are younger. For S. cerevisiae, Grades I and II are older grades and Grade IV are younger grades. For E. coli, Grade I are older grades and Grade III are younger grades. We characterize domain age grade of one protein by the youngest domain in it. Then, each protein in GEP is assigned with a domain age grade.
General Approach for Over-or Underrepresentation Analysis
To explore the distribution characteristics of proteins with different domain characters in CSP comparing with GEP, the hypergeometric distribution model, which has been used in many similar analyses (Jaffe et al. 2004; Li et al. 2005; de Godoy et al. 2008) , was employed in this strategy (for details, see supplementary method, Supplementary Material online). The over-or underrepresentation strengths of each group of proteins with certain domain characters in CSP upon the background of GEP were estimated, and the P values were corrected using the Benjamini-Hochberg method (Benjamini and Hochberg 1995) . When the value of upper or lower tail probabilities for a given class of proteins was no more than 0.05, this class of proteins was regarded as significantly over-or underrepresented in CSP against GEP, respectively. The negative or positive logarithm of P (lower or upper tail probabilities, logP) is used to represent the strength of over-or underrepresentation of proteins containing certain domain characters in CSPs. We calculated the average logP among the groups of proteins with given domain characters (we define logP as positive value if the trend is consistent with the general trend, otherwise, we define it as negative value) and named the result value as T_grade to represent the strength for its consistence with the general over-or underrepresentation trends of most OTCs/conditions.
Retrieving Orthology Relationships and Evolutionary Rate Measurements
The evolutionary rates of the proteins in the six GEPs were calculated based on these ortholog pairs: H. sapiens versus Pan troglodytes, M. musculus versus Rattus norvegicus, D. melanogaster versus D. erecta, C. elegans versus C. brenneri,
Yang et al. · doi:10.1093/molbev/mss064 MBE S. cerevisiae versus S. paradoxus, and E. coli str. K-12 substr. MG1655 versus E. coli O157:H7 EC4115. These orthology relationships based on Ensembl release 63 (http://www.ensembl.org/) were retrieved using BioMart (http://www.biomart.org/). The number of synonymous substitutions per synonymous site (dS) and the number of nonsynonymous substitutions per nonsynonymous site (dN) between the above ortholog pairs were retrieved using BioMart, except that the values of dS and dN between S. cerevisiae versus S. paradoxus were calculated in a previous study (Liu et al. 2011) . The values of dN and dS from BioMart or the previous study were all estimated by the maximum likelihood method using the PAML package (Yang 1997 The orthology relationships among all the six representative species were obtained from the OrthoMCL database (v5.0) (Chen et al. 2006) , and these orthologous pairs were used in the analysis of domain composition evolution across the six species.
Measuring the Organismal Complexity
The biological complexity at organism level is measured by the cell type number or of the representative species. It is reported in cell type number, H. sapiens . M. musculus . D. melanogaster . C. elegans . S. cerevisiae (Vogel and Chothia 2006) . Saccharomyces cerevisiae is more complex than E. coli because of its more parts of subcellular components than E. coli, although they are both unicellular organisms.
Results and Discussion
Multidomain Proteins Are Significantly Overrepresented in CSPs
Protein domains are the basic structural and functional units/parts in a protein Basu et al. 2008) , and the complexity of a system is represented by fig. S1 , Supplementary Material online). For example, multidomain proteins tend to be the link in multiprotein complexes or in signal pathways and have critical roles in all living cells Prochnik et al. 2010 ). Both our analysis and previous studies confirmed that multidomain proteins tend to carry out more complex functions than single-domain proteins.
During evolution, the proportion of multidomain proteins in GEP increased gradually (supplementary fig. S2A , Supplementary Material online and see the last section of Materials and Methods for the measurement of organismal complexity). It is obvious that the proportion of younger domain-containing proteins is much higher in multidomain proteins than in single-domain proteins especially in multicellular species (supplementary fig. S2C -G, Supplementary Material online), which indicates that the emergence of younger domain is one of the causes of the formation of multidomain proteins. What's more, older domain duplication or combination (supplementary fig. S3 , Supplementary Material online) during the evolution of orthologous proteins may also lead to the formation of multidomain proteins (Chothia et al. 2003) . The increasing proportion of multidomain proteins has substantially contributed to increasing biological complexity. In this study, we focus on To calculate DN, two methods including or excluding repeats of the same domain in a single polypeptide were used. Similar results were obtained: In most CSPs, especially in multicellular organisms, compared with their corresponding GEPs, single-domain proteins are underrepresented, whereas the multidomain proteins are overrepresented markedly ( fig. 1 and supplementary fig. S4 , Supplementary Material online).These results indicate that genes encoding multidomain proteins are expressed in significantly higher proportions than single-domain proteins as compared with all genes encoded in the genome. These results indicate that proteins with complex structures tend to be utilized preferentially in CSPs.
Multidomain proteins tend to form more complex PPI network than single-domain proteins. PPIs are mainly mediated by the protein-protein interacting domains (PPI domains) and also contribute to biological complexity (Wuchty 2001) . As expected, we found that proteins containing multiple PPI domains are also significantly overrepresented in CSPs (supplementary fig. S5 , Supplementary Material online), supporting the conclusion that proteins with complex structures tend to be utilized preferentially.
When comparing across CSPs, it is interesting that in the data of H. sapiens, M. musculus, and D. melanogaster, the general trend is more noticeable in more complex organs or tissues, measured by the number of cell types, such as those of the nervous system (Panman and Perlmann 2011) , whereas it is less noticeable or not significant in simple samples, such as leukomonocytes in peripheral blood or bone marrow ( fig. 1, supplementary figs. S4 and S5, Supplementary Material online). When comparing across species, the general trend is much stronger in multicellular organisms than unicellular ones, although the strength of the trend decreased during evolution of multicellular eukaryotes ( fig. 1, supplementary figs. S4-S6 , Supplementary Material online). These findings further support the conclusion that complex proteins tend to be utilized preferentially to realize biological complexity.
Proteins Containing Younger Domains Are Significantly Underrepresented in CSPs
The origin time of a protein domain, that is, its evolutionary age, is one of its important inherent properties. During evolution, new domains appeared continuously, meeting with new requirements of biological functions, which directly contributed to the increase in biological complexity FIG. 2 (Continued) Trends in the Biological Complexity Realization · doi:10.1093/molbev/mss064 MBE (Chothia et al. 2003; Vogel and Chothia 2006) . In general, older domains provide common and essential functions, whereas younger domains provide newly evolved biological functions, which in turn specify the functional characteristics of the protein (Vinogradov 2004; Cohen-Gihon et al. 2005) . Based on this consideration, we used the age of the youngest domain in one protein to define the domain age character of the protein. Consistent with the functional characteristics at the domain level, in multicellular organisms, proteins only containing older domains generally take part in critical and primitive cellular processes, whereas proteins containing young-age domains mainly take part in multicellular organismspecific biological processes (supplementary fig. S7 , Supplementary Material online).
As shown in figure 2, we found that in most CSPs, proteins only containing older domains are significantly overrepresented, whereas proteins containing younger domains are underrepresented. It is notable that this trend is also stronger in species of multicellular organisms than in the species of unicellular organisms. And it is interesting that, in H. sapiens data, the general trend is stronger in leukomonocytes in peripheral blood or bone marrow ( fig. 2A) . We also found that in liver and kidney, the proteins only containing the oldest domain (Grade I) are more enriched than that of Grade II, which are not consistent with most tissues ( fig. 2A and B) . This inconsistency may relate to the primitive physiological function of liver and kidney. When comparing across species, it is also obvious that the strength of overrepresentation is much higher in multicellular species than unicellular ones, although the strengths decreased during evolution of multicellular species ( fig. 2, supplementary fig. S6 , Supplementary Material online). Our findings indicate proteins involved in older biological processes tend to be used more than proteins involved in newer biological processes.
Mechanisms Underlying the General Trends and Their Evolutionary Effects
The next fundamental question is what mechanisms underlie the general trends. Biological systems tend to meet with the basic functional requirement by expending energy cost as little as possible. So, there may be two constraints acting as the causes partly contributing to the formation of the general trends. 
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The first one is functional constraint. The trend may partly result from the functional traits of multidomain and only older domain-containing proteins. Previous studies have proved multidomain proteins have critical roles and tend to be the linker protein in the network Prochnik et al. 2010) , and our analyses revealed only older domain-containing proteins generally take part in critical and primitive cellular processes (supplementary fig. S7, Supplementary Material online) . So, the biological systems tend to utilize multidomain or only older domain-containing proteins preferentially to meet with the fundamental functional requirement.
The second one is cost constraint. Transcription and translation are two slow and expensive processes (Izban and Luse 1992; Castillo-Davis et al. 2002; Wagner 2005) . Thus, the biological systems tend to reduce the amount of genes to express and tend to express such genes with lower cost consuming so as to save energy. Multidomain proteins generally are functionally pleiotropic (supplementary fig. S1 , Supplementary Material online) and tend to be the linker protein in the network Prochnik et al. 2010) . So, preferentially utilizing multidomain proteins can form the more compact protein network, which needs less genes to be expressed. On the other hand, we found only older domain-containing proteins tend to be short proteins (supplementary fig. S8 , Supplementary Material online) except for C. elegans (similar to the previous investigation of the unexpected correlation between protein abundance and length; Duret and Mouchiroud 1999) and E. coli. The synthesis of short proteins needs lower energy cost (Eisenberg and Levanon 2003; Urrutia and Hurst 2003) . So, to reduce the cost of gene expression, the biological systems tend to utilize multidomain or only older domain-containing proteins preferentially.
Besides the over/underrepresentation trends, another familiar aspect of gene expression regulation is its tissue specificity. In fact, the universality of the trend of over/underrepresentation across CSPs is related to the proportion of housekeeping/tissue-specific proteins in one category, that is, those protein categories containing more housekeeping proteins tend to be widely overrepresented across CSPs, whereas those categories of proteins containing more tissue-specific proteins tend to be widely underrepresented across CSPs. Our analyses found that multidomain or only older domain-containing proteins have a higher proportion of housekeeping proteins (supplementary figs. S9 and S10, Supplementary Material online), which are consistent with the results of over-or underrepresentation analyses.
Next, we will discuss the evolutionary effects of the general trends. Since the sequence of domain is relatively conserved across species, we presume that protein domain characters are closely related to the evolutionary rates of proteins measured by the ratio of dN and dS (see the ''Retrieving Orthology Relationships and Evolutionary Rate Measurements'' section in Materials and Methods). We found that proteins without any known conserved domain sequences evolve at much higher rates than proteins containing known domains ( fig. 3A-L) . Among the proteins containing known domains, multidomain proteins tend to evolve more slowly than single-domain proteins ( fig. 3A-F) , and similarly, proteins only containing older domains tend to evolve more slowly than those containing younger domains ( fig. 3G-L) . We have found multidomain proteins or only older domain-containing proteins are significantly overrepresented in CSPs, then we presume that proteins with lower evolutionary rates may be significantly overrepresented and vice versa. This reasoning was confirmed by further analyses (supplementary fig. S11 , Supplementary Material online). In general, dN/dS could represent the strength of purifying selection, that is, the lower value of dN/dS, the greater the strength of purifying selection for the protein (Hurst 2002; Liao and Zhang 2006; Basu et al. 2008; Liao et al. 2010; Oldmeadow et al. 2010) . Thus, we can conclude that multidomain or only older domaincontaining proteins are subjected to stronger purifying selection. We have proved that multidomain proteins generally are more pleiotropic (supplementary fig. S1 , Supplementary Material online), so this conclusion is consistent with the view of previous studies (Wang et al. 2010 ) that more pleiotropic genes are have larger effects on trait values and are subjected to stronger selection.
Based on our findings and the view of purifying selection, the stronger selections on multidomain and only older domain-containing proteins may partly result from their general overrepresented trends in CSPs. More generally, we can presume that proteins significantly overrepresented in CSPs tend to be subjected to stronger purifying selection. By this way, biological systems can avoid the harms resulting from mistranslation (Drummond and Wilke 2008) or other errors of proteins.
As the result of regulatory and evolutionary processes, obvious differences of the strength of the general trends across species and CSPs could be found (figs. 1 and 2 and supplementary figs. S4-S6, Supplementary Material online). The general trend is stronger in multicellular organisms than unicellular organisms, and surprisingly, the strengths of the general trend decreased during the evolution of multicellular eukaryotes. This interesting phenomenon may have resulted from the increase of differentiation, which may have decreased the number of part types in specialized systems. This is similar to a previous test conducted at cell level, in which study the authors found there is a complexity drain on cells in the evolution of multicellularity (McShea 2002) .
In addition, we estimated the effect on the strength of general trends by operons of E. coli (Gama-Castro et al. 2011) . We found that among the 737 operons containing more than one gene, almost half of them consisted of genes with different domain number and domain age characters (for detailed data, see supplementary table S1, Supplementary Material online). This indicates that many genes with different domain characters are turned on/off simultaneously because of their presence in operons. And this may partly contribute to the reduced intensity in E. coli of the trends found in this study. 
Deep Understanding of the Causes of Biological Complexity
The origin and evolution of biological complexity are old and fundamental questions in biology (Oakley and Rivera 2008) . Our study focused on a basic question: How are structural factors preferentially utilized at certain conditions to contribute to biological complexity? We grouped proteins into categories and analyzed the group as a whole instead of as an individual gene/protein as in previous studies (Lehner and Fraser 2004; Vinogradov 2004) . Our major finding is that the proportion of each group of proteins in CSPs is different from GEP, all the proteins encoded by the genome. In particular, multidomain proteins or proteins only containing older domains are overrepresented significantly in various CSPs across species. Notably, this conclusion is not obtained from the bias introduced by focusing on only one particular experiment because all the conclusions remain valid when analyzed based on the data sets acquired with other techniques (supplementary fig. S12 , Supplementary Material online).
Our findings provide a deeper understanding of the causes of biological complexity under certain conditions. During evolution, gene duplication, divergence, and recombination all contribute to the diverse domain characters of proteins (Chothia et al. 2003) , which is driven by extremely general mechanisms based on the preferential attachment principle . Both new domains and the increasing proportion of multiple-domain proteins in GEP directly increase the biological complexity (Chothia et al. 2003; Vogel and Chothia 2006) . However, they only provide more potential new and complex function executors that may contribute to the biological complexity in higher species, but it is not known how these two potential causes work in the formation of biological complexity under certain conditions. Our findings reveal that the biological complexity under certain conditions is more significantly realized by diverse domain organization than by the emergence of new types of domain. We anticipate our analyses to be a starting point for the systematic studies of the rules for the utilization of the potential information stored in the genome.
